Abstract: Intramolecular nanocavities in polyamidoamine (PAMAM) are usually used as a good template to synthesize nanoparticles. In this paper, TiO 2 nanoparticles were prepared successfully by the interspaces of the hydrogen network between PAMAM. The possible mechanism was that PAMAM could form the steady microspheres with many interspaces in ammonia aqueous solution at pH = 10. The interspaces of the hydrogen network could act as the template for preparing TiO 2 nanoparticles. The results were proved by transmission electron microscopy (TEM) and X-ray diffraction (XRD).
Introduction
Polyamidoamine (PAMAM) is a typical dendritic polymer (1) (2) (3) , which has extensive applications in the template synthesis of metal and intermetallic compound nanoparticles due to its distinctive characteristics such as nanosize cavities with uniform size, functional groups with the strong polarity in the intramolecular and perfect fractal dendritic structure. Metal particles can enter into the intramolecular cavities of PAMAM molecules and be held and trapped by the effect of steric hindrance and/or coordination, then uniform nanocomposites are formed (4) (5) (6) (7) . If the PAMAM matrix evenly disperses in the solution, the size and the morphology of the nanocomposites would be similar to that of PAMAM matrix. The terminal groups are different for the different generations of PAMAMs, which results in the different behaviors of PAMAMs in the solution. The PAMAMs of the half generations have a methoxycarbonyl terminal groups with weak polarity, which is difficult to attract the other molecule to form a large network structure. In solution, the PAMAMs of the half generations tend to separate (8) , the size of the nanoparticles in the PAMAM template are easily controlled. Therefore, PAMAM of the half generations or PAMAM with the weak polar terminal groups are often chosen as templates (9) (10) (11) (12) (13) . While PAMAMs of the whole generations with a strong polar amido group can easily form the large intermolecular network structure by hydrogen bond in solution, this caused the size of the nanoparticles produced to be inhomogeneous. Meanwhile, the hydrogen network is unstable and easily affected by external factors such as solvents, temperature, pH value (14) and so on. Hence, there are almost no reports about the nanoparticles prepared by the intermolecular hydrogen network between PAMAM.
However, there are some advantages for producing nanoparticles through the intermolecular hydrogen network structure of the PAMAM. The size of intramolecular cavities in PAMAM is on the angstrom scale, which is much smaller than the PAMAM molecule. The particles in the PAMAM cannot stay steadily alone, but only in the form of compounds. While the interspaces of the intermolecular network structure of PAMAM molecules are nanoscale, it is larger than that of PAMAM molecules, the metal particles produced in the interspaces can remain as nanoparticles rather than nanocomposites.
In this work, the hydrogen networks between G5.0-NH 2 PAMAM with the whole generations were prepared in an aqueous solution of ammonia, and then TiO 2 nanoparticles were synthesized using the interspaces of the hydrogen network between PAMAM as a template.
Experimental

Materials
5.0G PAMAM with amido terminal groups is synthesized by divergent method with propane diamine as core.
Ammonia water (Beilian fine chemicals development co., LTD, Tianjin, China) is analytically pure, Barium Chloride (Chinese medicine group, Shanghai chemical reagent co., LTD, China) is analytically pure, Titanic sulfate (Chinese medicine group, Shanghai chemical reagent co., LTD, China) is analytically pure, the solvent is deionized water.
Synthesis and characterization of TiO 2 /PAMAM nanocomposites
Twenty milliliters 0.02 mol/l titanic sulfate solution and 5 ml 20 g/l G5.0-NH 2 PAMAM solution were pipetted to a 50 ml volumetric flask, and the pH adjusted to 10 with ammonia water. Then, the mixed solution was diluted with deionized water to 50 ml. A hydrolysis reaction was performed at 80°C for 4 h. The crude product was filtered and washed with distilled water until SO 4 2-could not be measured (with 0.1 mol/l BaCl 2 ). Finally, TiO 2 /PAMAM nanocomposites were obtained in vacuum oven at 60°C for about 24 h.
The morphology of PAMAM and nanoparticles were characterized with a JEM-2100 transmission electron microscope (JEOL, Japan). Samples were prepared by ultrasonic dispersing in solvents about 10 min, then evaporating the dilute suspensions onto copper grids.
The XRD spectra were recorded on a D8-Advance X-ray diffractometer (Brucker, Germany) (40 kV, 40 mA) with Cu-Ka radiation (λ = 0.1542 nm). The samples were burned in the muffle furnace at 650°C for 10 h.
Results and discussion
The transmission electron microscopy (TEM) image of G5.0-NH 2 PAMAM is shown in Figure 1 . The molecular structure of PAMAM is spherical, about 6 nm in diameter (15) . Meanwhile, there are many nanocavities in the molecular structure, which corresponded to the theoretical structure of the PAMAM with high generations. The TEM image of G5.0-NH 2 PAMAM in the aqueous solutions is shown in Figure 2A . It can be seen that the PAMAM molecules aggregate into a microsize sphere and form a lot of interspaces. The high resolution TEM images ( Figure 2B and C) show that the width of the black backbones is about 5~6 nm, and nanocavities also appear in the backbones in Figure 2C . It indicates that the backbones shall be the aggregations of PAMAM molecules, and the nanocavities are the intramolecular cavities. In Figure 2B it can be also seen that most of the interspaces have uniform diameter of about 8~10 nm, while some interspaces larger than G5.0-NH 2 PAMAM molecules are also seen. So the larger interspaces are not the same as the nanocavities of the intramolecular PAMAM molecules, and it should be formed by the bridging PAMAM molecules due to the intermolecular interaction.
In a word, the driving force to form the microsphere in the aqueous solutions may be the interactions of the hydrogen bonds. The possible mechanism is illustrated as Figure 3 . The hydrogen bonds can be formed between the amido terminal groups of the G5.0-NH 2 PAMAM and the oxygen atoms of the water molecules. The 3-D supramolecular network microsphere could be formed through hydrogen bonding interactions between the G5.0-NH 2 PAMAM microspheres with many amido terminal groups. The energy of the hydrogen bond is so weak that it can be easily broken by the subtle changes of external factors such as temperature, the oscillation of the solution and the irradiation of the electron beam in the TEM test. Thus some bigger cavities appeared in the hydrogen network between PAMAM. Figure 4 shows the TiO 2 nanoparticles synthesized in the PAMAM microsphere. The light spots on the surface are the interspaces formed by the PAMAM molecules, and the black ones are the TiO 2 nanoparticles. The size of the most TiO 2 nanoparticles are 10 nm in diameter, which accords with that of the interspaces of the microsphere; some are larger because they are synthesized in the larger interspaces. It indicates that the interspaces can act as templates for preparing the TiO 2 nanoparticles. Figure 5 shows the X-ray diffraction profiles of TiO 2 nanoparticles synthesized by the interspaces of the hydrogen network between the PAMAM. The narrow and strong diffraction peaks of TiO 2 nanocomposites appeared at 2θ of ca. 25.44°, 37.90°, 44.16°, 48.18°, 64.58° and 77.16°, respectively (16) , which correspond to the anatase crystal structure of TiO 2 .
Conclusion
In this work, the behavior of G5.0-NH 2 PAMAM in the aqueous solutions of ammonia was studied. It was found that PAMAM molecules could form the microsphere with the interspaces about 10 nm in diameter through the intermolecular hydrogen interaction, which can be used as the good templates to synthesize TiO 2 nanoparticles.
